use of a new class of fluorescent labels, silanized CdSe/ZnS nanocrystal-peptide conjugates, for imaging the nuclei of living cells. CdSe/ZnS nanocrystals, or so called quantum dots (qdots), are extremely photostable, and have been used extensively in cellular imaging of fixed cells.
However, most of the studies about living cells so far have been concerned only with particle entry into the cytoplasm or the localization of receptors on the cell membrane. Specific targeting of qdots to the nucleus of living cells has not been reported in previous studies, due to the lack of a targeting mechanism and proper particle size. Here we demonstrate for the first time the construction of a CdSe/ZnS nanocrystal-peptide conjugate that carries the SV40 large T antigen nuclear localization signal (NLS), and the transfection of the complex into living cells. By a novel adaptation of commonly used cell transfection techniques for qdots, we were able to introduce and retain the NLS-qdots conjugate in living cells for up to a week without detectable negative cellular effects. Moreover, we can visualize the movement of the CdSe/ZnS nanocrystal-peptide conjugates from cytoplasm to the nucleus, and the accumulation of the complex in the cell nucleus, over a long observation time period. This report opens the door for using qdots to visualize long-term biological events that happen in the cell nucleus, and provides a new nontoxic, long-term imaging platform for nuclear trafficking mechanisms and cell nuclear processes.
To understand the complexity and dynamics of cellular events in living organisms, it is desirable to image the nucleic acids, proteins, or metabolites inside living cells. In live cell imaging, the entry of the probe into the nucleus and its visualization constitute increasingly important areas of research 1, 2 . The nucleus is a desirable target because the genomic DNA, which carries the genetic information of the cell, resides there. In addition, numerous nuclear proteins actively participate in critical cellular processes such as DNA replication, recombination, RNA transcription, DNA damage and repair, genomic alterations, and cell cycle control. The efficient transport of probes into the nuclei of living cells would greatly enhance the diagnosis of disease genotype, the tracking of oligonucleotide drugs, the understanding of biological processing in the nucleus, and the identification of potential nuclear drug candidates.
However, in living cells, a double-membrane nuclear envelope separates the cytoplasm from the cell nucleus. This physical barrier is impermeable to most kinds of probes, except at specific locations, a few tens of nanometers wide, called the nuclear pores 3 .
Currently, for imaging living cells, fluorescent tagging with organic fluorophores 4 or green fluorescent protein 5 (GFP) is still the most commonly used method. Unfortunately, organic dyes are usually toxic to the cells and therefore the use of organic fluorophores for live cell applications has obvious limitations. Moreover, organic dyes and GFP suffer from notorious shortcomings such as photobleaching, which preclude their use in many long-term imaging applications. These fluorophores also have limited sensitivity and resolution, both of which are critical factors for accurate tracking of individual biomolecules. Finally, recombinant GFP fusion proteins are cumbersome to construct, and long-term imaging (>3days) with GFP requires the time-consuming process of establishing stable-expressing clones.
To solve the stability and sensitivity issue, other types of labels such as polymeric 6 , magnetic 7 and metallic [8] [9] [10] particles have been introduced into cells. However, fluorescence microscopy remains the simplest and most used detection tool, and it would therefore be desirable to develop a technology based on robust fluorescent probes. Inorganic semiconductor nanocrystals, or qdots, represent this alternative technology 11 . Qdots, such as CdSe/ZnS core/shell nanoparticles, are inorganic fluorophores with a size below 10 nm. Compared to conventional dyes, they have a much higher photobleaching threshold and negligible photobleaching under biological imaging conditions. Qdots can be silanized 12 and, in that form, have reduced phototoxicity and are highly resistant to chemical and metabolic degradation 13 . Finally, whereas the organic fluorophores require customized chemistry for conjugation of biomolecules to each fluorophore, a universal approach can be used for the conjugation of biomolecules to all silanized qdots, because the silica shell coatings for different qdots are identical.
Unlike technologies based on gold nanoparticles or organic labels, the use of qdot labels is still in its infancy. Yet this technology is progressing at a fast pace 14, 15 . Recently, a wide variety of biomolecules such as DNA 16, 17 , proteins, antibodies 18, 19 , short peptides 20 . First, qdots must have a surface chemistry that allows their escape from endosomal/lysosomal pathways in living cells. Second, qdots must possess a nuclear localization signal (NLS) to be transported by the nuclear trafficking proteins and interact with the nuclear pore complex. Third, the diameter of the nuclear pore complex is 20-50 nm depending on the cell line 3 , and therefore the qdot conjugates have to be small enough (<20 nm) to cross the nuclear membrane. Finally, qdot conjugates must not interfere with normal physiology of the cells. In addition, the qdot conjugates must enter the cell via transfection or receptor-mediated endocytosis rather than through microinjection, so that a significant number of cells can be studied.
The most efficient nuclear targeting in biology is accomplished by viruses, which commonly utilize different peptides for crossing the nuclear membrane barrier 2, 25 . For example, signal peptides from SV40 large T antigen and HIV Tat protein are effective in nuclear translocation of recombinant fusion proteins. Our strategy has thus been to make use of the nuclear localization signal from the SV-40 large T antigen. In this study, we create a compact (~10-15nm) complex with the SV40 nuclear localization signal peptide attached to a qdot, hereafter called "NLSqdot." Labeling with qdots does not interfere with the growth or differentiation of the cells.
Using an extremely convenient transfection-based delivery technique developed for peptide-qdot conjugates, we have successfully introduced these conjugates into the human Hela cells and retained them for weeks. We have observed the accumulation of the NLS-qdots preferentially in the cell nucleus or in the perinuclear region. In contrast, qdots conjugated to a random peptide sequence showed almost homogeneous distribution within the cytoplasm, did not localizein any preferred region of the cell, and were always excluded from the nucleus. Also, with a simple fluorescent microscopy setup, we were able to continuously image and track movement of NLS- observed either in the cell nucleus (Fig. 2, panel A) or in the perinuclear region (Fig. 2, panel B) .
The percentage of cells with NLS-qdots localized in the nucleus is ~15%, while in ~85% of the cases, NLS-qdots accumulate preferentially in the perinuclear region. In contrast, qdots conjugated to a random peptide localize randomly in the cells (Fig.3) and we do not see these conjugates inside the nucleus within the 24 hr time frame. The qualitative and distinct localization of the NLS-qdots and RP-qdots seems to preclude a passive mechanism, such as free diffusion, for the qdots entry into the nucleus, as it was previously observed as a result of disruption of nuclear membrane during multiple cell division cycles 17 . Remarkably, when the NLS-qdot conjugates are in the nucleus, finer structures within the nucleus, such as the nucleoli, are revealed ( Fig. 2A , far left panel, one nucleolus is indicated by the arrow).
An intriguing question remains as to why certain NLS-qdots can all enter the nucleus of some
HeLa cells, while NLS-qdots from the same transfection get all stuck in the perinuclear region of some other cells. Since the same NLS-qdot conjugates are used, the partial aggregation of the dots or their incorporation into vesicles although possible is not the main reason. Rather, a rough estimate indicates that the NLS-qdots may have an overall size close to the nuclear pore sizes. In this case, intrinsic characteristics of the nuclear pores (size, shape, permeability, etc) may become a dominant factor for the qdot entry. Indeed, a possible explanation invokes the variation of plasticity of the nuclear membrane during the cell cycle. The rate of nuclear pore formation of HeLa cells has been shown to vary with the cell cycle 27 . In addition, the newly formed pores comprise a subpopulation that are more permeable than mature ones. Because asynchronous cells population was used in this study, we propose that HeLa cells with NLSqdots in their nucleus represent a subpopulation of cells at a particular stage of the cell cycle.
The visualization of the routes of NLS-qdot movement provide a mean to better understand the protein nuclear trafficking process mediated by nuclear localization signal, in this case, the SV40 NLS. While images of RP-qdots are mainly static in time, the fact that NLS-qdots actively seek to enter the nucleus can be visualized by tracking them. The general direction of movements of the NLS-qdots goes from the periphery of the cytoplasm to the perinuclear region (Fig. 4A) . However, at the nuclear membrane, some NLS-qdots remain stuck, while some apparently enter the nucleus. This is better illustrated in Fig. 4B , where two types of complexes are indicated by arrows. A qualitative feature of fluorescence distinguishes them. Some fluorescent spots (red arrow in Fig. 4B ) are large and bright, photobrighten with time, and remain in close contact with the nuclear membrane. They are likely vesicles containing a large collection of NLS-qdots. Other spots are smaller and blurred, and weaker in intensity, but the intensity is stable over time (yellow and white arrows). We associate these latter features to single NLS-qdots or to aggregates of a small number of NLS-qdots, since these are the features that are observed to enter the nucleus.
The NLS-qdots demonstrate extreme chemical and photostability in the cells. We measured the fluorescence from NLS-qdot conjugates in the cells as a function of time under continuous excitation. The electroporation (Fig. 5) did not decrease the NLS-qdot fluorescence, and in some cases, we even observed an increase in the signal. As mentioned previously, such photobrightening is observed for the brighter spots, which we tentatively attribute to vesicles or aggregates of qdots. In addition to short-term monitoring of individual cells, we also followed the transfected cells for a prolonged period, and the fluorescent signals from NLS-qdots were still present in the cells after a week. A picture of two cells just after cell division at day 5 is shown in Fig. 6A .
In their elemental form, cadmium, selenium, zinc, and sulphur have all been known to cause acute and chronic toxicities in living organisms. The cellular toxicity of surfactant-stabilized CdSe qdots has been examined when they are introduced into the cytoplasm 17, 18, 28 . However, it is the cell nucleus that contains the genetic material DNA and the transcriptional machinery of the cell, and these are more sensitive to permanent alterations and damages. No data yet exist on the toxicity of the NLS-and STV-qdots introduced into the nucleus. To demonstrate that the cells are not adversely affected by the NLS-qdots, we assayed for cytotoxicity by comparing colony-forming capability of the transfected cells vs. sham-transfected cells 29 . The survival of the cells carrying different doses of qdots was compared with cells transfected with PBS only.
The dose of qdots applied here are 100, 10, 1 pmole/10 6 cells. We found that the nuclear accumulation of NLS-qdots had minimal impact on cellular survival (Fig. 6B) . This indicates that the silica coating of the qdots has successfully prevented the interaction of Cd, Se, Zn, and S to the proteins and DNA in the nucleus. The introduction of streptavidin and the SV40 nuclear localization signal, at the concentrations used in this study, have no adverse effect on cell survival. Close to 100% of transfected cells survived in all the experiments, indicating that the cytotoxicity caused by the transfection procedure is negligible.
In summary, we have constructed a peptide-qdot conjugate that has the ability to actively translocate to the cell nucleus. The conjugate has the advantage of low cytotoxicity, higher sensitivity, desirable photostability, long-term biological stability, resistance to lysosomal Table of Contents 
